The xanthine oxidase activity, expressed as ~l OJml/hr, was measured by the Warburg manometric technique. The activity in fresh milk increased as a result of storing at 4 C, heating to 70 C for 5 rain, homogenization, and incubation with commercial enzymes of proteolytic and lipolytic nature. These increases were accompanied by increases of activity in the skimmilk phase, with a corresponding decrease of activity in the fat phase. The changes in apparent activity were attributed to the release of aggregates of enzyme mierosomes from the fat globule membrane.
It has been known for about 60 yr that an oxidizing enzynle, now generally called xanthine oxidase, exists in rather large amounts in milk and various milk products. The characteristics of the concentrated or purified enzyme have been studied extensively. However, the behavior of xanthine oxidase as it occurs in milk is not clearly elucidated. Relatively large variations in the activity, heat sensitivity, and distribution of the enzyme between the fat and skimmilk phases have been reported. This study was undertaken to determine the factors responsible for these variations.
HISTORICAL
Wieland and Maerae (19) observed that storage at low temperature resulted in an increase in xanthine oxidase activity. They reported that the xanthine oxidase activity of fresh milk increased slowly, reaching a maximum after two to four days, when the activity measured three to four times the original value. They also found that shaking the milk in air or nitrogen atmosphere increased the activity two to three times. Bengen and Bohm (3) also Received for publication July 26, 1962.
1 These data were taken in part from a thesis presented by the senior author in partial fulfillment of the requirements for the degree of Doctor of Philosophy, Cornell University. 2Present address: University Research Institute, Reykjavik, Iceland.
reported that storage of fresh, raw milk at 0-5 C resulted in an apparent increase in xanthine oxidase activity. They suggested that the oxygen in milk was used up by bacteria during storage, so that there was less oxygen available to reoxidize the methylene blue, thus decreasing time needed for discoloration. Such an effect would be interpreted as indicating an increase in enzyme activity.
Booth (6) was not able to confirm Wieland's observation that the activity increased on standing. In fact, he observed a slight decline. In 1939, Ball (1) confirmed that the enzyme activity increased on standing. Worden (21) observed a four-to sevenfold increase in xanthine oxidase activity after 36-hr storage at low temperature.
Ball (1) reported that a large part of the xanthine oxidase was associated with the fat fraction. Since the portion in the skim fraction increased as the milk aged, he suggested that the enzyme was adsorbed on the fat droplets, and could be forced into s61ution by causing the fat droplets to coalesce. This was in agreement with the explanation of Wieland and Macrae (19) . They believed that in fresh milk the finely divided fat globules adsorb the enzynm so that it is largely passive, but when the fat surface decreases, such as by coalescing, the enzyme is released and becomes active. Wieland and Rosenfeld (20) reported that on separating milk most of the xanthine oxidase went with the cream and there was a four-to ttEAT SENSITIVITY OF XANTItINE OXIDASE 1441 fivefold increase in the over-all activity. They attributed this increase to an activation by the fat. However, Kiermeier and Vogt (10) in 1956 stated that there was no increase in the total activity as a result of separation. In 1947, Polonovski et al. (16) found that on cooling milk there was a marked increase in enzyme activity when the milk reached 20 C. This increase leveled out at 15 C, which is approximately the solidification point of the milk fat. Polonovski and coworkers (15) also found that treating milk with alkalis, organic solvents, and surface-active compounds released the enzyme from the fat globule.
The nature of the relationship of xanthine oxidase with the fat was explained by Morton (11) in 1953. He reported the isolation from milk of lipoprotein particles with which xanthine oxidase, alkaline phosphatase, and several other enzymes were associated. He suggested that these particles should be called milk microsomes, since they are quite similar to animal microsome particles, and especially the ones found in the cow's mammary gland. He found that the microsomes, which range in sizes from 30-200 m/~, have a tendency to be adsorbed on the proteinaceous milk fat globule membrane. In another paper he (11) concluded that milk xanthine oxidase is wholly bound to the milk mierosomes, and considered it quite possible that alkaline phosphate was bound to the same particle. Zittle et al. (22) confirmed Morton's results, but added that xanthine oxidase activity was probably connected to a different microsome, and that the xanthine oxidase mierosomes were smaller and less easily sedimented. The milk microsolnes, of course, are colloidal and, therefore, not in true solution in the milk.
Various investigators have reported on the temperature necessary to inactivate xanthine oxidase in milk, either partially or completely. The reports do not agree very welt and are difficult to compare. Bergel and Bray (4) stated that the pure enzyme is inactivated at 56 C for 3 hr. Booth (5) reported that the enzyme in his preparation was partially inactivated at 67 C for 1 hr, but on more prolonged holding the enzyme was completely destroyed at that temperature. According to Schwarz (18) , the enzyme in buttermilk is completely inactivated after momentary heating to 80 C. Dixon and Thurlow (8) found that by heating at 70 C for 5 rain 70% of the enzyme was destroyed. Barthel (2) reported that the enzyme was destroyed by heating to 75 C for 15 min or 80 C for 5 rain. Brand (7) stated that the enzyme was completely inactivated at 80 C. Pien (14) determined various time and temperature relationships necessary for inactivation. He found that 10 sec at 80 C, 30 sec at 79.5 C, 2 rain at 77 C, etc., inactivated the enzyme. Kiermeier and Vogt (9) studied the inactivation of xanthine oxidase in a large number of samples of milk. They found that significant irregularities in the inactivation occurred in the region of 60-70 C, both in milk and cream. In some samples they even observed increases in the activity of the enzyme, when heated to temperatures in this region. Temperatures of 70 C or above always decreased the activity, but in order to completely inactivate the enzyme, temperatures of over 85 C (for 35sec) were necessal T. These investigators did not explain the anomalies which they observed. Polonovski, Robert and Robert (17) also studied the effect of elevated temperatures on xanthine oxidase of milk. They found that by subjecting fresh, uneooled milk to short exposures of heat, activation occurred at first, but when exposed for longer periods of time, inactivation occurred, if the temperatures were over 60 C. For example, a sample heated to 69 C reached a maximunl after 2 rain of heating. After 3 more rain of exposure, only 80% of the maximum activity remained. Recently, Pereira, Kristoffersen, and Harper (13) reported that heating to 170 F for 18 sec resulted in a 27% decrease in activity. They did not reveal the previous temperature history of their samples.
EXPERI~IE~TAL PROCEDURE
Milk samples. The samples of milk were collected from individual cows in the University herd. The samples were immediately brought to the laboratory and were either analyzed at once without cooling or after definite periods of storage in the refrigerator.
Separation. The milk was separated at 32 C in a small DeLaval (Model 100) separator. The fat content of the creams obtained in this way varied from 25-28%. The fat content of the skimmilks ranged from 0.01-0.06%. All fat percentages were determined by the Babcock method.
Homogenization. Samples were hmnogenized at 35 C, using a small, two-piston laboratory homogenizer (Logeman).
Heating of samples.
A pyrex jar 18 in.
high and 12 in. in diameter was used in making a water bath. An aluminum cover with a minimmn of openings for instruments was placed over the jar to retard evaporation. The bath temperature was controlled by means of a thermostat and circulation pump. The samples were heated in the following way: A glass U-tube (4 mm internal diameter) with a horizontal sidearm was placed in the bath so that the bulk of the U-tube was immersed. The sidearm was then connected to a 250-ml Erlenmeyer flask, partially immersed in water at room temperature. Suction was applied to the flask by means of a water aspirator. After allowing the U-tube to equilibrate in the water bath for at least 5 min, approximately 8 ml of sample was poured through a funnel into the U-tube in such a way that the sample was in the immersed portion of the tube. The internal diameter of the funnel was necessarily smaller than the diameter of the U-tube to minimize entrapment of air in the milk. Both ends of the heating tube were left open to the air during the filling operation for the same reason. The milk was held in the tube for exactly 5 rain. By applying suction the sample was rapidly drawn into the Erlenmeyer flask, and thus cooled to room temperature immediately.
Determination of xanthine oxidase activity.
The activity of xanthine oxidase was determined by the method of Ball (1). This method consists of measuring rate of oxygen uptake during a period of the enzyme-catalyzed reaction with a suitable substrate, using the Warburg manometric apparatus. The Warburg flasks contained the following: 4. Total volume in the flasks: 3.2 ml.
The Warburg bath was maintained at 37 C. Atmospheric oxygen was used as the source of oxygen in the reaction. Only 1-ml samples were used in the cream, to reduce any possible error due to the higher viscosity of cream as compared with milk or skimmilk.
The flasks were equilibrated in the Warburg bath for at least 15 rain before tipping the ~Mann l~esearch Laboratories, New York 6, New York.
contents of the sidearm into the main compartment. After tipping, readings were taken at 5-rain intervals for a period of 30 min. It was found that the oxygen uptake during the first 5-rain period was erratic; the first reading was, therefore, omitted. The reaction rate had generally started to decline markedly after 25 rain. It was, therefore, decided to use only the four highest readings for the calculations of activity. Generally, these fell between the first and the fifth readings.
The changes in pressure read on the manometers were then converted to mieroliters of oxygen, and the results expressed as /zl OJml/ hr. The formula for the conversion is as follows : Since the fat percentages of the creams varied so much that their enzyme activities could not easily be compared, it was necessary to calculate the activities per gram of fat. Activities could then readily be compared. In these calculations it was assumed that milliliters and grams of fat were equal. This may distort the true activities somewhat, but since the error is similar in all the calculations, and the purpose was only to compare the values, it was felt that this assumption was justified. The following formulas were derived for the calculations of activity in the fat:
a ----Activity per ml of cream b=~l of cream per 1,000 ml of milk (see Formula 2) c = M1 of skimmilk in cream (see Formula 3) d----Activity per ml of skimmilk e ----Fat per cent of milk 1,000 × fat % in milk 2.
b ----Fat % in cream 3. c -:--ml cream --ml fat
These formulas are only valid if there is 100% recovery of the fat in the cream. For all practical purposes, this was the case.
EXPERIX~ENTAL RESULTS
Variations in enzyme activity. The first experiment was conducted to obtain more information concerning the increases in xanthine oxidase activity which have been reported to occur after cooling and storing milk. For this purpose ten samples of individual cows' milks were collected and the activities were determined before cooling (within 2 hr of milking) and after storage at 4 C for 24 hr. They were then stored for an additional 24-hr period and activities determined once again. Table 1 shows 70  80  49  2  68  114  121  74  3  72  142  133  92  4  73  138  142  92  5  73  166  147  116  6  83  200  202  14~2  7  84  166  160  94  8  90  200  204  126  9  103  228  22'4  120  10  105  184  179  7~ the results from this experiment. Generally, the activity had reached a maximum level after 24 hr at 4 C. At that time the activity usually had about doubled, although the increase was by no means uniform. Although not shown in the table, several of the samples were tested once more after five days of storage at 4 C.
The activities of these samples remained constant within the experimental error. The increases in xanthine oxidase activity on stol~ng and cooling have been attributed by Ball (1) to a release of xanthine oxidase from the fat globule membrane. In view of this theory, additional experiments were conducted to determine if other treatments which might be expected to bring about a release from the fat globule would produce an increase in activity. The treatments chosen for this purpose were heating, homogenization, and enzymatic action.
Seven samples were tested in the experiments involving heat treatment. The xanthine oxidase activities were determined in the fresh, uncooled samples and in the samples after they bad been heated to 70 C for 5 rain. Preliminary experiments had indicated that heating to 70 C produced a greater increase in activity than either higher or lower temperatures. Table 2 shows the increases produced by the 70 C treatment. The increases varied from 53 to 102%. The effect of homogenization is also shown in Table 2 . Homogenization of fresh, uncooled milk resulted in increases in activity from 59 to 89%. Pereira, KI~stoffersen, and Harper (13) claimed that homogenization reduces activity. However, they did not indicate whether the raw control had been cooled before testing.
Lipolytic and proteolytic enzymes also increased the xanthine oxidase of uncooled milk. The effect of four enzymes is shown in Table 3 .
Variations in the distribution of enzyme.
The effect of cooling, heating, homogenization, and enzymatic action on the activity of xauthine oxidase might be explained on the basis of the release of the enzyme from the fat globule membrane. a With the exception of Samples 3 and 7, the samples used for the homogenization trials were different from these used in the heating trials. were conducted to determine the effect of various treatments on the distribution of xanthine oxidase between the fat and skimmilk l?hases of milk.
To determine the normal amounts of activity in the fat phase and the skimmilk phase of cooled milks, nine samples which had been stored at 4 C for 24 hr were separated mechanically. The activities of the milks, creams, and the skimmilks were then determined. Fat percentages of the milks, creams, and skimmilks were also determined. The activities per liter of the o~Jginal milk were compared with the amount recovered in the corresponding skimmilk and fat phases. Table 4 shows that there was remarkable consistency in the percentage of xanthine oxidase activity found in the skimmilk phase. It varied only from 66-80%. The sum of the recovered activities generally was quite close to the theoretical. The variations in recovered activities and percentage of activity in the skimmilk were of about the same order of magnitude.
To study possible redistribution of the enzymatic activity between the fat and the skimmilk phases on cooling of fresh milk, three samples of individual cow's milk were collected. Each sample was divided into three portions.
One portion was separated and tested immediately without cooling. The second portion was separated immediately and stored for 24 hr at 4 C before testing. The third portion was cooled to 4 C and stored for 24 hr before separating. As is shown in Table 5 , the activity of both the milk and cream increased on storage, whereas there was no activity increase in the skimmilk. However, skimmilk which was obtained by separating after 24 hr storage showed an increase in activity, whereas the corresponding cream showed a decrease. To determine if further redistribution between the skim and fat phase would occur on prolonged storage, a portion of the third sample was held 120 hr before separating and testing. Two additional samples were also stored 24 and 120 hr before separating. The results, as shown in Table 5 , indicate that no significant redistribution took place after 24 hr.
To show whether heating also produced redistribution, three samples of fresh, raw milk were collected and divided into two portions. One portion of each sample was separated im- Activity computed from ~1 O2/ml/hr. b Activity per milliliter milk × 1,000.
Activity per gram of fat × fat per cent of milk X 10. d Activity per milliliter of skimmilk X milliliter sklmmilk per 1,000 ml of milk. * C plus a f Activity in skimmilk phase as per cent of total recovered activity. Activities of the for differences in the conversion.
creams were converted to activities per milliliter of fat to compensate fat content of the creams. See Experimental Section for method of mediately and the other portion was heated momentarily to 70 C, then separated. The activities of the skimmilks obtained from the unheated portions were 43, 32, and 43 tL1 0~/ ml/hr and 87, 61, and 69 for the corresponding heated portions. Thus, it appears that heating produces a redistribution of the enzyme.
To test the effect of homogenization on the distribution of enzyme, two samples were coIlected and divided into two portions. One portion was separated i~nmediately and the other was homogenized first and then separated. The activity in the skimmilks from the unhomogenized sample was 32 and 43, whereas the values for the corresponding homogenized portions were 74 and 71. (Incidentally, it was necessary to run the homogenized milk through the separator 20 times to reduce the fat test in the skimmilk to a reasonable level.)
Variations in heat sensitivity. The results obtained in the studies of the effect of heat on xanthine oxidase activity of uncooled milk (see Table 2 ) suggested that there were variations in the heat sensitivity of the enzyme. Additional experiments were conducted to obtain more information on this effect.
In the first experiment a sample of milk was stored for 24 hr at 4 C, then subjected to temperature treatments at 2.5C intervals from 60-80 C, with a 5-rain holding time at each temperature. The activities of the heal treated and raw samples were then determined. An aliquot of the sample was stored for four more days and the temperature treatments and measurements repeated. The results were expressed as percentage of the raw milk activity which remained after heating and storage. Figure 1 shows that the heat sensitivity of the enzyme is increased by aging of the milk, and that this increase is greatest in the region of 70 C.
To determine whether aging generally produces an increase in heat sensitivity, seven more samples were stored for 24 hr at 4C. They were then heated to 70 C for 5 rain and the activities of both the raw and the heat-treated samples determined. Aliquots of the raw samples were stored at 4 C for four more days, "~ The activity left is expressed as percentage of the activity in the comparable unheated sample.
Samples were heated to 70 C for 5 rain.
considerably more sensitive to the heat treatment than the unhomogenized samples. An experiment was conducted to determine if the sensitization of the enzyme in both homogenized and unhomogenized samples could be increased by increasing the temperature of storage. The activities of fresh, uncooled samples of homogenized and unhomogenized milk were determined both before and after heating to 70 C for 5 rain. The samples were then divided into two portions each. One portion was incubated at 37 C and the other portion was cooled immediately to 4 C. After 4-hr storage aliquots from each portion were tested before and after heating. The enzyme in the portion held at 37 C had become more sensitive to heat than in the portion held at 4 C, as shown in Table 8 .
then heated, and the activity determinations repeated. Again, the raw samples showed no change on storage, and all results were expressed as percentage of the raw. As may be seen from Table 6 , the sensitivity of the samples after one day's storage varied somewhat from sample to sample. But the heat sensitivity of the enzyme in each sample was significantly greater after aging for five days.
To ascertain whether the change in sensitivity was a gradual one, two samples were heat treated (70 C for 5 rain) fresh and after storage at 4 C for one, two, and five days. Approximately the same results were obtained for both samples. The average percentages of activity left after the heat treatment were 95, 80, 60, and 45 for the fresh, one-, two-, and five-day-old samples, respectively. These results indicate that the heat sensitivity of the enzyme gradually increases with age.
To see if the same changes occurred in cream and skimmilk, a portion of a milk sample was separated after storage at 4 C for two days. The activities of the raw samples were determined and also the activities remaining after holding each of these at 70 C for 5 rain. These samples were then stored for three additional days and the treatments and measurements repeated. The increase in sensitivity proceeded in a similar manner in the milk, cream, and skimmilk.
The effect of homogenization on the heat sensitivity of xanthine oxidase in milk is shown in Table 7 . It may be seen that initially, homogenization had very little effect on the heat sensitivity of the enzyme. However, after standing for 24 hr at 4 C, the homogenized samples were
DISCUSSION
The increases in apparent xanthine oxidase activity which occurred when fresh milk was subjected to cooling, heating, homogenization, and enzymatic activity (Tables 1, 2 , and 3) indicate that some of the enzyme is not active in fresh uncooled milk. On the average, these treatments produced about a twofold increase in activity as determined by the manometric technique. Some workers (19, 21) using the methylene blue reduction test have observed three-to sevenfold increases. Results obtained in this study as well as those of others (1, 10, 15, 16, 20) indicate that initially the enzyme is bound in some form to the fat phase. The increase in enzyme activity is always accompanied by a great increase in activity in the skimmilk phase. This observation has given rise to the hypothesis that the activity increase is related to the redistribution of the enzyme. Inasnmch as Morton (11) has shown that the Expressed as percentage of the same sample raw and cooled. enzyme occurs in mierosomes, it is assumed that a desorption of the microsomes from the fat is involved.
This study indicated that only a part of the microsomes in question are held tenaciously by the fat portion of the milk. In none of the samples studied was there less than 20% and usually about 30% of the enzyme associated with the fat in cooled milks (Table 4) . It was also demonstrated that there was essentially no change in the amount of activity per gram of fat between 24 and 120 hr (Table 5 ). This indicated that a rather definite portion of the microsomes was held much more tenaciously than the rest. Perhaps the reason that some axe not held as tightly as others is that of position, i.e., they are not in contact with those substances on the fat globule membrane which best absorb them. Perhaps they are aggregated around the ones that are more tightly bound, and form layers or elmnps o£ microsomes. If this is the case, penetration of the substrate or the hydrogen acceptor to the site of reaction might become a limiting factor in the determination of activity. Once the outermost layers of microsomes have been shed, such as by cooling, the total activity of the enzyme is easily measured. In the manometric method the samples axe shaken continuously during the reaction, perhaps improving the penetration somewhat. In methods other than the manometric one, no agitation is employed. As a result, one might expect to be able to measure more of the enzyme in uncooled milk with the Warburg method than with the other methods. Calculations of data reported by Worden (21) lend support to this theory. His data show that after 36-hr storage at low temperatures a 1.5-2.8-fold increase in activity was observed when he used the manometric method; whereas~ a 4.0-7.2-fold increase occurred when he used the methylene blue reduction test. Obviously, one should be careful in interpreting results obtained by different methods of analysis of xanthine oxidase, especially in the case of uncooled milk.
As was pointed out by Kiermeier and Vogt (9) the literature on the heat sensitivity of xanthine oxidase shows gross inconsistencies, especially in the region of 60-70 C. The discrepaneies have not been explained at all, or have been attributed to differences in the general composition of the milks.
Data obtained in this study indicate that the heat sensitivity of the enzyme gradually increases with age. Since even a few hours' difference in age affects the heat sensitivity, it seems reasonable to assume that some of the discrepancies in the literature may be due to the effect of aging. Earlier investigators were not aware of the aging effect and consequently they did not report the age of their samples. Another possible misleading factor is the im crease in activity of nncooIed samples upon heating ( Table 2 ). It should be pointed out that the heat treatment of cooled samples never resulted in an increase of activity.
One is led to speculate on the cause for the increase in heat sensitivity on aging. It could be that protective substances are gTadually destroyed, or that substances which accelerate the destruction by heat are produced. Another and more likely possibility is that the enzyme becomes gradually solubilized. This is particularly true in view of the microsomal nature of milk xanthine oxidase, since microsomal or particulate enzymes are more heat-stable than those in aqueous solution. X~nthiue oxidase in milk, for example, generally appears to be completely inactivated only if subjected to temperatures of over 80 C. Holding milk 4 hr at 60 C does not affect the enzyme activity at all (17), whereas purified solutions have been reported (4) to be destroyed at 56C for 3 hr. In the present study the milk enzyme was destroyed after 5 rain holding at 66-68 C after butanol, a well known sohbilizing agent for many enzymes, had been added to the milk.
To solubilize xanthine oxidase from the microsomal particles, the materials holding the particles together must be disrupted. It was suspeeted~ because of the gradual nature of the process, that it was enzymatic, i.e, that an enzyme or enzymes in the milk slowly attacked the cementing materials, thus releasing the enzyme from the microsomes.
The increase in sensitivity produced by homogenization (Table 7) supports the solubilization theory. Furthermore, homogenization, as is well known, speeds up milk lipase activity, and could possibly speed up the activity of other enzymes. The fact that samples incubated at 37 C for 4 hr exhibited greater heat sensitivity than their counterparts stored at 4 C also seems to support the enzymatic solubilization theory.
The authors believe that there is a distinct difference between the dispersal of microsomes and the solubilization or disruption of individual microsomes. The dispersal of microsomes is believed to be associated with increases in activity, whereas solubilization is associated with increases in sensitization to heat. The evidence indicates that dispersal can be brought about by relatively mild treatment in a short period of time. On the other hand, the studies pertaining to heat sensitization suggest that solubilization requires more time or more vigorous treatment.
